Background. Botswana has a well-developed antiretroviral therapy (ART) program that serves as a regional model. With wide ART availability, the burden of advanced human immunodeficiency virus (HIV) and associated opportunistic infections would be expected to decline. We performed a nationwide surveillance study to determine the national incidence of cryptococcal meningitis (CM), and describe characteristics of cases during 2000-2014 and temporal trends at 2 national referral hospitals.
Botswana was the first country in Africa to establish a national antiretroviral therapy (ART) program and began providing treatment free of charge to its human immunodeficiency virus (HIV)-infected population in early 2002 [1] . National HIV care guidelines in 2012 recommended a CD4 T-cell threshold of <350 cells/μL for ART initiation, up from <200 cells/μL in 2008 [2, 3] , and recent population-level data suggest that, in rural regions, the program is close to achieving the "90-90-90" targets set by the Joint United Nations Programme on HIV/AIDS (UNAIDS) [4] . Despite the success of the national ART program, Botswana, a country of approximately 2 million people, still has high incidence of new HIV infections in certain populations and an HIV prevalence among the highest in the world, with an estimated adult HIV prevalence of 25% in 2014 [5, 6] .
In sub-Saharan Africa as a whole, as in Botswana, although millions now access life-saving ART, overall HIV prevalence is still not declining and ART is initiated at low CD4 T-cell counts in a majority of HIV-infected individuals [7] [8] [9] , resulting in a large population at substantial risk of opportunistic disease and with high rates of mortality [10] . Care default and treatment failure further increase the size of this high-risk population, with pooled observational cohort data from African settings suggesting that only 65% of patients starting first-line ART remain in care at 36 months, and virological failure and acquired ART resistance are frequently observed [11] [12] [13] . Movement toward an HIV "test and treat" strategy in sub-Saharan Africa, which was adopted in Botswana in June 2016, will necessitate streamlining models of care to quickly expand treatment programs, which has the potential of leaving vulnerable patients further behind.
Cryptococcal meningitis (CM) is a severe fungal infection primarily seen in individuals with defective cell-mediated immunity [14] , with the vast majority of cases occurring in the context of advanced HIV infection [15] . CM typically affects individuals with CD4 T-cell counts <100 cells/µL, and is now frequently described following late ART initiation and ART default, as well as in ART-naive individuals [16] [17] [18] . As countries move toward expanded HIV treatment programs, CM serves as an important indicator disease for national programs. An understanding of advanced HIV disease burden and temporal trends in subpopulations will guide program delivery and differentiated models of HIV care targeting groups most at risk for delayed HIV diagnosis, ART initiation, and care default, with the associated morbidity and mortality and high transmission risks.
We collected laboratory records from all facilities in Botswana that perform meningitis diagnostics and UNAIDS country-level HIV prevalence estimates to determine the 2013-2014 national incidence rate of CM, describe characteristics of CM cases over a 15-year period, and define temporal trends in cases diagnosed at the 2 national referral hospitals.
METHODS

Study Design
The Botswana National Meningitis Survey was a 15-year retrospective review of routine cerebrospinal fluid (CSF) laboratory records to determine the etiologies of meningitis in Botswana and temporal trends with maturation of the local HIV epidemic. The study was conducted in collaboration with the Botswana Ministry of Health and the National Health Laboratory. Institutional review board (IRB) approval was obtained from the University of Botswana, University of Pennsylvania, University of Washington, Health Research Development Council (Botswana Ministry of Health), and at hospitals with independent IRB committees (Letsholathebe Memorial Hospital, Mahalapye Hospital, Nyangabwe Referral Hospital, Princess Marina Hospital, Scottish Livingstone Hospital, and Sekgoma Memorial Hospital).
Participating Laboratories and Cerebrospinal Fluid Data Collection
Thirty-seven laboratories are registered by the Botswana National Health Laboratory to perform CSF testing for the diagnosis of CM by India ink stain, fungal culture, and/or cryptococcal antigen (CrAg) testing, including 2 national referral hospitals, 7 district hospitals (6 medical, 1 psychiatric), and 28 primary, private, mining, and military hospital-based, clinic-based, or stand-alone laboratories. Facilities were visited by the study team for collection of meningitis-related laboratory data. Most visits took place between February 2015 and May 2015. All available CSF records from 1 January 2000 through 1 January 2015 were located at facilities. Records were scanned on a password-protected study laptop, then numbered and entered into a REDCap database. To ensure data accuracy during transcription of paper-based records into the REDCap database, a minimum of 2 study team members reviewed each entry and discrepancies were adjudicated through consensus.
In addition to paper records, a majority of hospital-based laboratories maintain records on a government-financed electronic medical record (EMR), the Integrated Patient Management System (IPMS). At facilities with IPMS, clinical data are entered directly into IPMS with laboratory books used to keep records during Internet downtime or entered both in laboratory notebooks and IPMS. IPMS was queried centrally at the Ministry of Health to obtain all Botswana CSF-related electronic laboratory records and HIV-related data (CD4 T-cell count nearest to the date of CM diagnosis). Paper-based records from the REDCap database were merged with IPMS records using Stata software version 12 (StataCorp, College Station, Texas), matching by date, testing location, and patient identifiers (name, age, sex), with duplicate entries removed. Three hospitals used additional EMR platforms for limited periods during the study period. Electronic records from these EMR platforms were also queried using CSF-related search terms, and these data were entered into the REDCap database.
Population Denominator Data
The UNAIDS Spectrum model version 5.41 was used to determine population numbers [19] , national HIV prevalence, new HIV infections, and the distribution of CD4 T-cell count. Two module sets were activated for this projection. The demographic set included DEMPROJ (to estimate the population by age and sex) and FAMPLAN (to estimate the impact of family planning services on population size). The HIV set included AIM (to estimate the impact of HIV), GOALS (to estimate the funding needed to achieve the national HIV response targets), and RNM (to estimate the costs of implementing the national HIV program). Model inputs were derived from published country reports, strategic plans, costing studies, programmatic data, and expert opinion [20] .
Patients and Case Definition
Records were obtained of any patient who received a lumbar puncture (LP) for CSF analysis without an age cutoff. In Botswana, routine diagnostic CSF testing for CM includes India ink stain and fungal culture. CSF testing for CrAg was performed using latex agglutination tests by several centers and routinely at referral hospital laboratories. The cryptococcal lateral flow assay was not available in Botswana during the study period.
A "case" (or episode) of CM was defined as CSF with positive India ink stain, Cryptococcus culture, and/or positive CSF CrAg. As CSF analysis may have been repeated on patients receiving multiple LPs for lowering of intracranial pressure or other indications during an admission, all positive CSF samples for a unique patient within a single documented hospitalization (or in the absence of admission dates, within a ≤14-day window of any previous CSF sample) were considered part of the same "case. "
Data Analysis
Data were analyzed using Stata software version 12. Cases of CM in Botswana were enumerated using the case definition. The number of cases, recurrent cases, patient age and sex, and month and season of diagnosis were described using frequencies, percentage, or median and interquartile range (IQR), as appropriate. It was not possible to calculate national incidence rates over the full 15-year study period, as records prior to 2013 were partially complete. Complete CSF laboratory data from all laboratories were obtained during 2013 and 2014 calendar years. For these 2013-2014 national data, UNAIDS Spectrum model HIV estimates were used as a population denominator to determine the CM incidence rate in person-years of observation (PYO) with 95% confidence intervals (CIs) derived using a Poisson distribution. Incidence was estimated by sex and ordinal age categories as well as by CD4 T-cell count category stratified by sex in individuals ≥15 years of age.
The 2 national referral hospitals (Princess Marina Hospital and Nyangabwe Referral Hospital) adopted IPMS in 2004 and also maintained paper-based records, yielding a complete dataset for the 11-year period 2004-2014. At these 2 hospitals, annual cases diagnosed over this 11-year period were displayed graphically in relation to the "treatment gap" (UNAIDSestimated HIV-infected population ≥15 years of age minus population receiving ART) and median CD4 T-cell count at ART initiation.
RESULTS
15-Year Cryptococcal Meningitis Data
We identified 5296 unique cases of CM in 4702 individuals from the period 2000-2014 (Table 1) . Of these individuals, 90.3% (4248/4702) experienced a single episode, 7.7% (360/4702) 2 episodes, 1.0% (48/4702) 3 episodes, and 1.0% (46/4702) 4 or more episodes of disease. Median age at diagnosis was 36 (IQR, 30-43) years ( Figure 1 ) and more cases were diagnosed in males than females (60.6% males vs 39.4% females). There was no evidence of seasonality. Case numbers did not differ with respect to month or season at diagnosis.
2013-2014 Incidence of Cryptococcal Meningitis
National incidence of diagnosed CM in 2013-2014 was 17.8 (95% CI, 16.6-19.2) cases/100 000 PYO, with higher incidence observed
cases/100 000 PYO in females) ( Table 2 ; Figure 2A and 2B). Peak incidence was observed in 40-to 44-year-olds, with an earlier peak among females (30-34 years) and a later peak among males (40-44 years), mirroring national age trends in HIV prevalence.
In the HIV-infected population, overall incidence was 96.8 (95% CI, 90.0-104.0) cases/100 000 PYO, or 135.4 (95% CI, 123.4-148.3) cases/100 000 PYO in males and 66.3 (95% CI, 58.9-74.4) cases/100 000 PYO in females. Incidence rate was relatively uniform across adult age categories, peaking in the fourth through fifth decades of life ( Figure 2C ). Although the absolute number of CM cases in children was relatively low, incidence was comparatively high in the 2 youngest age categories (0-4 years and 5-9 years), declining in the 10-to 14-year age group, then increasing to adult levels in the adolescent category (15-19 years) . Note that the high incidence in the 0-4 years age category may be spuriously high due to an underestimation of the denominator in the UNAIDS figures and low overall numbers in both the numerator and denominator categories. Incidence increased markedly with declining CD4 T-cell count strata. In those with CD4 T-cell counts <50 cells/μL, a nearly 2% annual incidence was observed, of 1854 (95% CI, 1680.5-2042.0) cases/100 000 PYO, with higher incidence in males than females across CD4 T-cell count strata (Figure 3 ).
Referral Hospital Temporal Trends
At the 2 national referral hospital laboratories, processing 60% of CSF samples, the number of cases of [2, 3] . Figure 4A shows cases of CM diagnosed at the referral hospitals, with total HIV-infected population in Botswana ≥15 years of age and population on ART over time. Over this period, the median CD4 T-cell count at ART initiation increased from 2007 to 2011 but remained stable during 2012-2014 ( Figure 4B) , with similar trends observed in the total population of HIV-infected individuals with CD4 T-cell counts <200 cells/μL ( Figure 4C ).
DISCUSSION
These are the first robust national CM incidence estimates from a resource-limited country. Collection of complete records from all laboratories in Botswana performing CSF testing allowed us to accurately estimate 2013-2014 national incidence rates, revealing a high incidence of CM in Botswana in the context of the highest population ART coverage in Africa. The 2013-2014 Botswana national CM incidence is almost identical to the pre-ART era (2002-2004) laboratory surveillance-based incidence estimates from Gauteng Province, South Africa (17.8 vs 15.6 cases/100 000 PYO, respectively), a period when estimated adult (15-49 years) HIV prevalence in South Africa was 21.5% [21, 22] . Limited to only HIV-infected populations, 2013-2014
Botswana incidence of 96.8 cases/100 000 PYO is again comparable to South African incidence estimates from the pre-ART era (95 cases/100 000 PYO), and >100-fold higher than the 2009 estimated United States HIV-associated CM rate of 7.7 cases/1 000 000 PYO [15] . The rate of decline in CM cases diagnosed at referral center laboratories has stagnated in recent years, despite national data showing high rates of HIV testing, ART uptake, and viral suppression [4] . These findings reflect a number of factors, including high ongoing national HIV prevalence; only modest improvements in median CD4 T-cell counts at ART initiation in recent years, from 191 (IQR, 115-239) cells/μL in 2010 to 258 (IQR, 147-337) cells/μL in 2013 despite a shift in national guidelines promoting earlier therapy [1] [2] [3] 23] ; and high annual incidence of new HIV infection estimated at 1.5%-2.5% in adults [24] . Importantly, these findings suggest that, despite a decade and a half of free and widely available HIV testing and treatment services in Botswana, a population of vulnerable individuals is not being effectively reached, engaged, or retained by current testing and treatment services. This key population is now the main driver of HIV-related morbidity and mortality, and likely to be maintaining the high ongoing incidence of HIV acquisition in this setting.
With stabilizing or rising adult HIV prevalence in Botswana and the African region, eliminating the remaining treatment gap and advanced HIV disease will require innovative solutions to effectively reach key populations that are being missed by current testing and treatment models, to diagnose and treat early asymptomatic infection, and to promote lifelong engagement with treatment services. Updated 2016 guidelines in Botswana, in line with 2015 World Health Organization guidelines, now recommend the "test and treat" strategy of ART at any CD4 T-cell count for people living with HIV [25, 26] . This represents a critical step toward reducing advanced HIV disease and opportunistic infections such as CM and tuberculosis. However, the latest Botswana AIDS Indicator Survey data estimated 30% of the population aged 10-64 years had never undergone HIV testing in 2013 and ART coverage [24] , at about 250 000 HIV-infected individuals by 2015 [23] , needs to expand by 100 000, which will put a strain on existing services [27] . Similar scale-up will likely be even more disruptive throughout the rest of Africa, where the number of people receiving ART needs to double to cover all HIV-infected individuals [28] . To avoid leaving vulnerable individuals behind, differentiated care models should be considered to streamline care for populations with well-controlled disease and focus more intensive resources on those with higher need, who are now driving the epidemic.
Our study provides important insights into the characteristics of individuals presenting with advanced HIV and CM in Botswana. We found peak incidence of disease in adults in the fourth and fifth decades of life, suggesting a need to better engage young, working-age adults through work-or community-based care models that minimize lost opportunity costs. Strikingly, we observed a >2-fold higher incidence of disease in HIV-infected males than HIV-infected females. Although this did not completely correct when the analysis was stratified by CD4 T-cell count, perhaps in part reflecting a true sex-related biological predisposition to cryptococcal disease for which the pathogenesis is incompletely understood [29, 30] , it highlights the high numbers of men presenting late to care or failing to engage with testing and treatment services. Young women may also have greater likelihood of HIV diagnosis and routine care with prenatal, postnatal, and contraceptive services.
This study had several important limitations. First, these estimates likely represent the lowest range of true CM incidence rates in Botswana due to the limitations of deriving incidence estimates from laboratory-based surveillance, including missing individuals who died before seeking medical care or who sought care but went undiagnosed due to misdiagnosis, stockout of LP equipment or laboratory reagents, or LP refusal [31] . Although we applied a rigorous approach to data collection and estimated incidence only for 2013-2014 when we believed laboratory data to be complete, missed case ascertainment may also have led to spuriously low incidence estimates. A small number of individuals may have sought care from neighboring countries, but this is not likely to have significantly impacted our findings. More than 85% of cases in the IPMS dataset had a Botswana national identification number, and the vast majority of the remainder could be identified as citizens using available identifying data. Uncertainty in UNAIDS Spectrum model denominator estimates could lead to either overestimation or underestimation, although figures are based on the most robust and contemporary data available and are validated against reliable national census and HIV population prevalence survey results [24] . Second, as a laboratory-based surveillance study, we did not have national data on ART treatment history and were unable to stratify incidence based on ART status. However, single-center data from Princess Marina Hospital indicate that 51% of CM patients are now presenting on ART [32] , in keeping with other regional data [16, 17] . Third, we were unable to ascertain outcomes, although 2012-2014 data from Princess Marina Hospital showed a 10-week CM mortality of 50% and 1-year mortality of 65% [33] . The competing risk of high mortality could explain, in part, the relatively low observed relapse rate. Finally, we were unable to evaluate temporal trends in CM outside of the 2 referral hospitals due to incomplete records, which might differ from urban settings where referral centers are located. However, as almost two-thirds of cases were diagnosed at referral centers, this provides meaningful information regarding national trends.
In summary, we provide evidence for a high ongoing burden of advanced HIV disease in Botswana, a country with a mature ART program and the highest population ART coverage in Africa. Our findings highlight a need not only to adopt disease-specific measures to reduce CM, such as CrAg screening in patients with advanced disease [34] [35] [36] , but the broader need to engage and link key populations to care who are being missed with current strategies. Adoption of HIV "test and treat" strategies could substantially reduce advanced HIV disease but must be coupled with paradigm shifts in testing, care linkage, and ART delivery such as differentiated care models and decentralized testing and HIV care delivery.
Notes
